Abstract: Finite element analysis of saturable lossy magnetic components is extended to include the effects of switches, which may be either mechanical or electronic. The switches are modeled using coupled electromagnetic and structural finite elements which are stretched tovay their electrical resistance with time. Good results are shownfor asimpleresistivecircuitwith aswitchedexcitation and forahighlysaturated transformerwithasecondayloadresistor that is switched on and off.
INTRODUCTION
Inductors, transformers, motors, and other magnetic components are often designed with the aid of electromagnetic finite element analysis. Such analysis can determine the saturable magnetic fields, eddy currents, and related performance parameters before a prototype magnetic component is built.
When magnetic components are used in power electronic circuits such as adjustable speed drives, switches are often present. Whether mechanical or electronic, the switches affect the electromagnetic fields and system performance.
One way of analyzing such switched components is to use state space techniques or other circuit methods [1]- [3] . The inductances of circuit components in such models can be pre-computed by finite element analysis. If eddy currents and/or saturation occur, however, their effects may be difficult to include in circuit models.
Another way to compute the interaction of circuits and magnetic components is to use a mixed-dimension finite element model. The circuits are modeled with OD finite elements, attached to multiturn windings modeled with 1D This paper presents a new method of using finite elements to model switched magnetic components. The switches can be closed and opened at any prescribed times. The paper begins by describing how coupled electromagnetic and structural finite elements can model a switch of any desired resistance as a function of time. After modeling a simple resistive circuit, the new method will be applied to a highly saturated transformer with a switched secondary resistor and with eddy current losses in its core. MODELING A 1D TIME-VARYING RESISTOR The force vector {Fs(t)} of (2) can be varied over time from 0 to some high value, thereby causing an electrically conductive finite element to vary in length. Because resistance is proportional to length, avariable resistor is thereby included in [BE] for the electromagnetic solution (1). A resistor varying from a very low value to a very high value sim ulates a switch.
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COUPLED ELECTROMAGNETIC AND STRUCTURAL FINITE ELEMENT ANALYSIS
To make sure that the length (displacement) of the finite element is instantaneously proportional to force FS(t), the structural properties of that element must be pure elastic.
That is, it should make zero contributions to [Ms] and [Bs]
of (2). Its [&] contribution will be constant (linear).
The simplest way to model a variable resistive switch is with a one-dimensional (1D) finite element. It is a conductive wire element in the electromagnetic model of (1) and a rod finite element in the structural model of (2).
The electrical resistance of the 1D wire finite element is:
where d is the distance between the two nodes, U is the electrical conductivity of its material, and A is the wire crosssectional area. The 1D wire element then contributes the following partition to the electromagnetic BE matrix of (1): (4) where the two rows and columns correspond to the electric scalar potential of the two nodes of the 1D wire finite element [4], [9] .
The structural stiffness of a rod (or truss) is given by [9]:
where d is the distance between the two nodes of the rod, E is the modulus of elasticity of the rod material, and A is the cross-sectional area of the rod. Stiffness K relates displacement us to applied force Fs according to:
A 1D rod finite element then contributes the following partition to the structural Q matrix of (2): (7) where the two rows and columns correspond to the displacements of the two nodes of the 1D rod finite element.
If a force F is applied to one of the nodes, then according to (2) and (6), the displacement will be proportional to the force, and will be inversely proportional to K.
The values of force Fs, K, d, A, and o should be chosen so that R changes from low to high, but is never so low or so high that the BE matrix of (1) leads to an ill-conditioned solution matrix. In the software used here the matrix equations (1) and (2) are solved using LU decomposition, which is not nearly as sensitive to ill-conditioning as are most iterative solution methods. Figure 1 shows a simple switched ac resistive circuit. Its frequency is 1 kHz. Its switch is to be closed from t=O to t=0.5 ms, at which time it is to be opened. Its load voltage VL is to be computed as a function of time. . Node 2 can move in the x direction. Initially, node 2 is 1 cm away from stationary node 1.
A SWITCH IN A SIMPLE CIRCUIT
The 1D line element in Fig. 2 has o = 1 S/m and A = 1 m2 so that (3) gives R=0.01 ohm in its initial position, which is essentially a short circuit compared to the 1 and 5 ohm resistors of Fig. 2 . The structural properties of the 1D rod element of Fig. 2 are E = l.E-3 pascal and A = 1 rn2.
-
force . 
MODELING A SWITCHED SECONDARY LOAD
ON A SATURATING TRANSFORMER Figure 6 shows a previously published [4] finite element model of a saturating transformer with a steel with a typical B-H curve and with zero conductivity. Its secondary current was previously computed for an 86 mP resistor on its secondary winding, and a current of frequency 60 Hz injected in its primary. Figure 7 shows the waveform of the input primary amp-turns, which peak at 10,000. Now suppose that the secondary is to have a switch (in series with its resistor) which is closed only at certain times. Hence we modify the model of Fig. 6 to have a new 1D electromagnetic/structural finite element connecting the secondary 1D element and the 86 mQ OD finite element. The new 1D element has electromagnetic and structural properties identical to those of Fig. 2 . Its initial length is 1 mm. At time zero the secondary switch is closed. If it stays closed, then we apply no force to the model, and the 1D switch element maintains its length of 1 mm. Figure 8 shows the resulting computed voltage waveform across the resistor, which agrees with the previously published peaked current waveform [4] produced when the steel saturates. waveform to the finite element model results in the computed voltage across the secondary resistor shown in Fig. 9 . Note in Fig. 9 that from t=O to 15 ms, the voltage in Fig.  6 agrees with that of Fig. 8 , which it should. From t=15 to 20 ms, Fig. 9 correctly shows that thevoltage across the secondary resistor is zero because the switch is open. Note, however, that when the switch is again closed at 20 ms, a large inductive kick occurs which increases the voltage across the secondary resistor beyond that of Fig. 8 . By t=23 ms Fig. 9 is again agreeing closely with Fig. 8 . The computed core flux density waveform B(t) corresponding with the Fig. 9 is shown in Fig. 10 . Note that because the secondary current is zero from 15 to 20 ms, the computed B over that range of time remains nearly constant. Now consider the effects of a finite nonzero electrical 6. The resulting eddy currents may cause changes in the power losses called core loss. We will examine conductivity values in the range of from 1 to 100 S/m, which are typical for soft ferrite core materials. The core end surfaces at z=O and z = l in Fig. 6 are assumed to be in contact with a highly conductive clamp that provides a zero resistance return path for core eddy currents. conductivity in the core of the switched transformer of Fig.   1 . 5 computed output voltage, and will also produce additional all three voltage peaks in Fig. 11 are nbw smaller than those of Fig. 9 . Figure 12 shows the corresponding waveform of instantaneous core loss due to eddy currents versus time. As expected according to Faraday's Law, the eddy losses peak when the flux density B(t) of The core conductivity is 100 S/m.
